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Abstract (continued)

copolymer. The polymer-polymer interaction parameter thus evaluated
was compared with a theoretical expression derived on the basis of the
Flory equation-of-state theory. The effect of the free volt.une disparity
between the two components was found to play a relatively minor role
in determining the interaction parameter when the two polymers lack
any specific interactions which would make them mutually miscible.
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ABSTRACT

The light scattering technique was utilized to measure the

phase separation temperatures (cloud points) of mixtures containing

a polystyrene and a polybutadiene of various molecular weights and

also of mixtures containing a polystyrene and a random or block co-

polymer of styrene and butadiene . The data was analyzed to obtain

the polymer-polymer interaction parameter for the styrene-butadiene

pair as a function of temperature and concentration. The value of

the parameter deduced from the homopolymer mixtures agrees well with

that obtained from the mixtur~ containing a copolymer. The polymer-

polymer interaction parameter thus evaluated was compared with, a

theoretical expression derived on the basis of the Plory equation-
of-state theory . The effect of free volume disparity between

the two components was found to play a relatively minor role in

determining the interaction parameter when the two polymers lack

any specific interactions which would make them mutually miscible .
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INTRODUCTION

The study of properties of multicomponent polymer systems,

such as polymer-polymer blends and domain-structured block co-

polymers , is currently attracting wide research interest. A

number of symposium proceedings 1-8 and monographs 9-10 on the

subject have recently been published. The properties of such

systems depend critically on the degree of mutual compatibility

of the component polymers , and much effort has been devoted to

finding compatible polymer pairs l2• When they are not compatible,

the properties are influenced grea tly by the morphology of the

segregated domains and the nature of the interface between them.

The basic thermodynamic principles governing the compatibility

and the domain forma tion are fairly well unders tood , and their

application to individual polymer systems requires only the knowl-

edge of the value of the polymer-polymer interaction parameter

and its dependence on temperature , composi tion , etc. Unfortunately

the values of the interaction parameter have been evaluated experi-

mentally so far for a very limited number of polymer pairs , and

even less is known about their dependence on temperature and other

variables. In this work we evaluate the interaction parameter

for the pair polystyrene-polybutadiene from the measurement of the

phase separation temperature (cloud point).

In most of the polymer mixtures which are known to be truly

compatible , the degree of their compatibility decreases with in-

creasing temperature , and the phenomenon of lower cr itica l so lution

temperature (LCST) is exhibited. Such mixtures usually owe

their compatibility to the presence of some specific favorable

interactions between the two components . At higher temperatures
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the effect of the favorable interaction is reduced 13,14 while

the unfavorable effect of the free volume change on mixing

increases , eventually leading to phase separation above LCST.

Recent theoretical analyse S,1.4
..1.6 based on the corresponding

states theory 17,18 and the Flory equation-of-state thermo-

dynamics 11-21, give a fairly good understanding of the thermo-

dynamics of these compatible polyme r mixtures, at least on

qualitative terms .

For incompatible polymer mixtures ,the need for the knowledge

of the polymer-polymer interaction parameter arises because of

its influence on the morphology of the domain-structure and the

thickness of the transition layer between the domains. A number

of recent theoretical treatment deal with the stability of block

copolyme r domains 22-29 and the domain interface thi ckness 30-32

in polymer blends and block copolymers. A “Pseudo-melting”

transition in block copolymers , ascribed to the dissolution of

micro-domain structure, has been observed by viscoelastic 32 ,34

and small-angle X-ray scattering measurements ~ , and a determin-
ation of the interface thickness by small-angle X-ray scattering

has been reported 36 ,37
• In order to compare the various theories

against these experimental results , reliable values of the polymer-

polymer interaction parameter are sorely needed. In a previous

publica tion 38 we made estimation of the polymer-polymer inter-

action parameter for a few non-polar polymer pairs on the basis

of the Flory equation-of-state thermodynamic theory . In this

work we determine the value for the polystyrene-polybutadiene

~ pair experimentally . This pair is chosen because it is the

constituent of the block copolymers most often studied. Moreover,

? 
- —
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they are non-polar hydrocarbon polymers for which theories of

polymer liquids and mixtures are likely to apply more quanti-

tatively .

Not many methods are available for evaluation of the

interaction parameter for polymer mixtures. The most practical

among them is the one relying on the determination of binodal

and spinod.al temperatures as a function of the composition. The

binodal curve can be determined most easily by observation of

the cloud points. The spinodal curve can be determined by a

light scattering method as described by Scholte 38 and by its re-

finement “the pulse induced critical scattering” recently de-

veloped by Gordon et at 40~ In this work we employ the cloud

point measurement by means of laser light scattering.

The difficulty of performing thermodynamic measurements

on polymer mixtures stems partly from their high viscosity . The

major difficulty, howeve r , ar ises from the fact that the binoda l

and spinodal points for most polymer pairs occur outside the temp-

erature range experimentally practicable. For this reason

studies on mixtures of lower homologue members of the polymers

are often substituted 4 14 3~ But the interaction parameters

evaluated for oligomer mixtures have to be extrapolated with.

caution. Oligomers have a higher proportion of end segments

and can therefore be substantially diffe rent chemically from

the corresponding polyme rs . More impor tantly, ol igomers have

higher free volume than polymers . This is man ifeste4 for

example , by the much highe r therma l exp ansion coeffi cients

exhibited by oligomers “. Since the change in free volume

.-
~~~~ ,

,i,
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on mixing is now known to be an important factor in the

polymer-polymer interaction parameter, the effec t of the

dependence of free volume on chain lengths has to be properly

taken account of. For this reason , in th i s  work , we have

endeavered to employ component polymers of as high chain

lengths as possible. One way of increasing the chain lengths,

without at the same time ra ising the cloud po ints too high , is

to employ a copolymer as a component of the mixture. Both

random and block copolymers have been tested out for this pur-

pose and found to serve the purpose well as described in detail

below.

r
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EXPERIMENTAL

1. Material

All the polymer samples used in the study are listed in

Table I. Al l have fairly narrow molecular weight distribu-

tions. For sample PS3, the characterization data given by

Pressure Chemical Comp any are M~ 3,600, M~ = 3,570 and

Mflk (from stoichiometry) 4,000. From the [~] values of
samples PS2 and PS3 determined in cyclohexane at 34.5°C, we

determined that M~ of sample PS3 must be 1.45 times the Mv
value of sample PS2. Accepting the value M

~ 
= 2,400 given for

sample PS2 , we theref ore ass igned M
~ 

= 3,500 for sample PS3.

All po lymers were pur if ied by reprecipitating from cyclo-

hexane solution into methanol which contained small concentrations

of antioxidants (Plastanox LTDP and Antioxidant 330) and a li ght

s tab i l i ze r  (Tinuvin P ) ,  amounts of which were calculated to

give about 0.2% each in the final dried polymer. When the

polymer mixture was heated under vacuum prior to sealing the

sample tube, howeve r , much of these additives were lost through

sublimation , and only very small amounts appeare d to have

remained in the mixture during the cloud point measurements.

2. Procedure

Weighed amounts of two polymers for a mixture (about 0.3g

total) were placed in a glass tube of about 0.5 cm inner

1 .

_ _ _ _ _ _ _
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diameter. A long glass rod, with a piece of iron attached at

the top , was inserted to serve as a magnetically activated

stirrer . The tube was attached to a vacuum line , and hea ted

to about 200°C with stirring to expel volatile impurities ,

before its top was sealed off with the stirrer still inside.

The sample tube was inserted in the axial posi tion of a

cyl indical aluminum block , heated with resis tance wires

wound around its surface. Holes , dril led in rad ial directions

in the block , served as light paths for incident and trans-

mitted beams and for the lights scattered at 30° and 90° angles.

A low power 2mW He-Ne laser was used as the light source, and

a pho todiode (EG~G HAV-l000, with a sensitivity of 7 x io6

volts/watt at Rf = 20M~7 for 6328 A° wavelength light) was used

as the detector. Although at a 30° angle the scattered inten-

sity was higher , it was more susceptible to optical misalligmnent,

and therefore all the reported measurements were performed

at a 90° scattering angle.

A thermocouple inserted into the heating b lock near the

sample cavity served to monitor the temperature , and another

thermocouple , similarly placed , was used for control ling the

temperature by means of a temperature programmer. The temper-

ature was cycled repeatedly from about 7° below the cloud point

to about 10° above it at a constant heating and cooling rate.

The temperature lag between the sample and the monitoring

thermocouple was calibrated initially at various heating/cooling

ra tes by means of a third thermocoup le inser ted in a simula ted

~

-
-

~ 
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sample tube containing silicone oil .

The output from the detector and the monitoring thermo-

couple was recorded on a two-channel chart recorder. Figures

1 and 2 show two examples of such records, one in which the

turbidity changes very rapidly with temperature and another

in which the turbidity changes only rather slowly, making the

determiAlation of the cloud point more difficult. The devia-

tion of the scattered intens ity from the flat base line was

taken to indicate the presence of turbidity as denoted by an

arrow in Figs. 1 and 2. The temperature at which the turbidity

first appeared on cooling was usually lower by a few degrees

(up to 8 degrees in some cases) than the temper ature at wh ich

the turbidity disappeared on heating . The temperature on

heating was taken as the cloud point. Different heating/cooling

rates were initially experimented , and it was found that the

difference in the determined cloud points between 0.5°/mm and

2°/mm was usually far less than 2°C. All subsequent measure-

ments were performed at 2°/mm . Repeatability of the cloud

point on successive temperature cycles was good , but there

was a general tendency for it to creep up on successive cycles.

For cloud poin ts above 2 00 °C , the successive temperatures were

often higher by more than 1°C , suggesting thermal degradation

of the sample, and in such cases they were extrapolated back

to the zeroth cycle to obtain the cloud point corresponding to

the very initial mixture. Samples showing successive differen-

tials of more than 3°C were discarded , as it seemed to indica te
I’ -

I ~~~~~~~~~~ 
—

_ _ _ _ _ _ _ _
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that they had received insuff ic ient  vacuum treatment before

sealing .

POLYMER-POLYMER INTERACTION PAI~AMETER

The Gibbs free energy change accompanying the mixing of

component 1 of molar volum e V1 with component 2 of molar volume

evaluated for un it volume of the mixture , can be wr i t t en  as

= RT [(l/V 1) q 1~.n~ 1 + (l/V 2 )~~2~ n+ 2 J + A~1~ 2 (1)

where and 
~2 

are the volume fractions of the components.

The first term in the above is the combinatorial part of the

free energy of mix ing as given by the classical Flory-Huggins

treatment , and the second term , often called non-comb inatorial

or res idual fr ee energy of mixing , embraces all the remaining

par t of the free energy of mix ing no t accoun ted for by the

combinatorial term . The quantity A is in general a function of

T, p and the compos ition of the mixture , but the utility of

eq. (1) rests on the fact that its dependence on these variables

are only moderate in most cases. For polymer mixtures , i. n

fact, it turns out that in the zeroth approximation A can be

regarded as a material constant dependent on the chemical

nature of the pair but independent of temperature, concentration

and the chain lengths of the components. Eq. (1) is regarded

here as defining the polymer-polymer interaction parameter A .

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _
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So defined , it is given a numerical value in units of cal/cm3,

thus allowing a direct comparison with the cohesive energy

densities of the components.

It has been more customary to express the strength of

polymer-polymer interaction by means of the 
~ 

parameter. When

they •do no t depend on the composition , A and x are related to

each other by x A Vr/RT~ where Vr is a volume of reference.

The meaning of the reference volume 
~r depends on the context

of the discussion. For solvent-polymer interaction , Vr is

almost always defined as the molar volume of the solvent mole-

cule . For polymer-polymer interaction , Vr is equated ei ther

to the molar volume of one of the components or more often to

the volume of a segment or a lattice. There is , however, no

unique way of defining the segment or lattice size in polymer-

polymer mixtures, because all the thermodynamic proper ties

(except surface properties) of the mixtur e depend only on the

ratios of molecular to segment volumes. The numerical value

of ~ can , therefore , be specified only in reference to an

arbitrary proportionality constant , thus making it ill-suited

to serve as a material constant. A further reason for our

preference of A over x is that for incompatible polymer mixtures
(having their upper critical solution temperature above room

temperature) the polymer-polymer interaction is mostly

enthalpic rather than entropic and A remains approximately

constant while x decreases rapidly with increas ing temperature .

I ~~
. — —

~~~~~~~~~~~~~ - . ~-- _
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For solvent-polymer systems , x is commonly evaluated from

the residual chemical potential of the solvent rather than the

residual free energy of mixing . When x and A depend on the

composition of the mixture, the simple relation between them,

given above , does not hold , unless A is also defined in terms

of the residual chemical potential . We retain the definit ion

of A in eq. (1), given as a measure of the residual free energy

of mixing, even when A varies with concentration. This is

preferred becaus e most theories of polymer mixtures , block

copo lymers and polymer interfaces are formulated in terms of

the free energy of mixing, ra ther than the chemica l po tentials

of the components .

The compositions of the coexisting two phases , to which

a homogeneous polymer mixture separates on lowering (or

raising) the t emperature , can be calculated by solving eq. (1)

for a common tangent in the plot of 
~
GM vs. •~ • At the cloud

temperature the overall polymer composition is equal to one

of the compositions thus calculated. When we know A as a

function of T and for a given polymer pair , we can calculate

the expected cloud point curve readily . The converse is not

true . From the experimental cloud points determined for a

number of mixture compositions , A can be evaluated by means of

eq. (1) only if the functional form of the dependence of A on

is known .

Preliminary examination of the obtained experimental data

showed that A depends on both the temperature and the composition
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moderately . The simplest functional form incorporating these

dependencies is:

A = A 0 
+ + AT T (2)

The values of the constants 10, 
~~ 

and 1T giving the best

f i t  to experimentally determined cloud points were evaluated by

the method of non-linear leas t square on a computer. The

coefficients thus obtained are listed in Table I I .  The bi-

nodal curves calculated with the use of these values are drawn

in Figs . 3-5 to show the degree of fit. For those runs for

which the concentration range is rather limited , the evaluation

of A l term was not just if ied, and A i was set to zero .

According to Koningsveld43, for polydisperse polymers the

spinodal curve is determined by the weight average molecular

weight . It is not clear what type of molecular weight average

is appropriate for a binodal curve , and therefor e the least

square calculation was performed with both the weight and

number average molecular weights. It turned out that only the

value of A~ was affected , and in Table II the one based on

the weight average is given f i r s t  and the one based on the

number average is enclosed in parenthesis.

The cloud points curve obtained by Koningsveld and

coworkers 43 for the mixtures containing polyisoprene (M~ 2700)

and polys tyrene (M~ ~ 2100 and 2700) showed two maxima . They

state that such a curve can be fitted with a A (~1) func tion

- - _
_ _ _ _ _ _ _ _ _ _ _ _ _
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containing a f i rs t and a second order term in •~, with the
absolute value of the second order term larger than the f i r s t .

In order to see the effect of the second order term we

replaced A l~ 1 in eq. (2) with A 2 4~ and again sought a best f i t

on a computer , but obtaining no recognizable improvement in

the degree of f i t .  Use of both the f i r s t  and second order

terms would have result in a slightly better fit, but probab ly

not enough to jus t i fy  the use of an additional adj ustable

parameter . As is seen in Table II , the concentration dependence

is fairly small and bo th pos itive and negative coeff icients

are obtained with different pairs . The temperature dependence

shown by var ious mixtures , on the other hand , is very consistent,

and the temperature coefficient is negative. Thermodynamic
14,15discussions of polymer compatibility by various workers

stressed the importance of the disparity in the free volume

and thermal expansion coefficients of polymer components and

led to expect the temperature dependence to be positive . This

apparent contradiction is resolved when we examine the theore-

tical prediction more closely in the later section .

H’-li
p ~ —_
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MIXING OF COPOLYNERS

The polymer-polymer interaction parameter AAB between two

homopolymers A and B can be determined , to a good approxima-

tion , by studying the miscibility between a homopolymer and a

copolymer , or between two copolymers , the copo lymers cons isting

of monomers A and B. The degree of compatibility between the

two copolymers can be enhanced when the difference in the

comonomer compositions in the copolymers are made smaller.

Let us call the two copo].ymers components 1 and 2 , and

designate their compositions by 
~~~ 

and 
~B~ ’ where is the

volume fraction of comonomer A in component i and 
~B1 is equal

to If we determine the polymer-polymer interaction

parameter A12 between these copolymer components by means of

eq. (1) in the same way as has been used for homopolymer

mixtures , the obtained value is likely to be smaller than

since the difference between copolymers 1 and 2 are much

smaller than the difference between homopolymers A and B.

These two are related to each other , as is shown below by:

A 12 AAB ~~Al~~ A2~ 
AAB ~~Bl~~ B2~ 

(3)

In the case of block or graf t  copolymers , experimental

determination of A 12 by eq. (1) is meaningful only if the two

phases which are formed at the cloud points from phase separa-

tion of a homogeneous mixture are also homogeneous in

• 1  -p

‘ p  

--S- ~-~~~~~~- — —----- -
~~~~~~~~~~~~~~~~~~

-
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themselves and do not contain the usual micro-domain structures .

This is realized , as the various block copo].ymer theories pre-

dict, when the segment block lengths are relatively short in

comparison to the magnitude of AAB . The use of random copolymers

is validated to the extent that the very short sequences of

monomer type A (many of them only one or two repeat units

long) can be considered to behave the same way as similar

sequences in a homopolymer A do in their interaction with

neighboring segments. Our data presented below suggest that

this is a valid assumption .

The relation (3) can be derived readily if we assume that

A arises purely from van Laar type heat of mixing . Then ,

relation (3) is obtained by counting the number of A-B contact

pairs present in the mixture and by substracting from it the

numbers of A-B contact pairs which were already present in the

copolymers 1 and 2 before mixing. An algebraic rearrangement

of the expressions given by Scott45 on copolyiner mixing can

also lead to relation (3). In order to show that its validity

is more general than these lattice calculations suggest, the

following derivation is presented.

The non-combinatorial or residual free energy of mixing

~i 
cm~ of copolymer 1 and *2 cm3 of copolyiner 2 to form 1 cm3

of the mixture , according to eq. (1), is A12*1*2 (when the

volume change on mixing is neglected). Next, we perform the

following thought experiment . (1) All the chemical bonds

between monomers A and B in copoiymer 1 are severed and ins tead

I
,

‘p
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new bonds are formed to join A to A and B to B, so that

of copolymer 1 is transformed into two separate phases , *lfAl cm3

of homopolymer A and 1~B1 cm3 of homopolymer B. The free energy

change accompanying this process is of three parts: a) the

chemical bonding energy term arising from the different types of

chemica l bonds formed , b) the combinatorial entropy term for

sorting out the different monomers , ini tial ly randomly mixed , to

two separa te phases , and c) the res idua l free energy term arising

from the change in the environment surrounding each monomer units ,

equal to (A ABfA1fB~~l. When 1AB depends on concentration , the

va lue of AAB appropriate to A = 

~Al 
is implied here, provided

that the environment surrounding monomer A in the copolymer 1 is

essentially the same as that surrounding monomer A in the mixture

containing E Al cm3 of homopolyme r A and 
~Bl cm 3 of homopolymer B.

(2) In the similar process of decomposing copolymer 2 into homo-

po lymers A and B , the residual free energy change is equal to

+ABfA2fB2)*2 ’ A AB this time taking the value appropriate to

~A2~ 
(3) Starting from the combined batches of homopolymers

A and B thus obtained , the above process of interchanging the

chemical bonds is now reversed , to attain the mixture of copolymers

1 and 2. The change in the residual free energy in this step is

AAB (+lfAl + •2~A2~ ~~l~B1 + with the value of AAB appro-

priate to *A *lfAl 
+

In the above 3-step process of forming the mixture of copolymers

1 and 2 through the intermediate phases consisting of homopolymers

j
~~;

J 

-
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only , the numbers of various chemical bonds broken and formed

cancel out each other exactly. As far as the non-combinatorial

free energy is concerned , we can wr ite

A 12~ 1 ~ = AAB(*1 ~Al + *2 ~A2~ 
(* j  ~Bl + *2 ~ B2~ 

-

AAB ~A1~ B1~ l - AAB fA2 f B2 *z

The three AAB ’s here differ from each other somewhat when

depends on concen tra tion. The equal ity ho lds rigorous ly on ly if

the combinatorial free energy of mixing is accurately represented

by the first term in eq. (1). The use of eq. (1) for evaluation

of A means that any deviation of the combinatorial entropy from

the Flory-Huggins expression will be included in the value of A

obtained. If this is the case, then the equality in eq. (4)

will hold only after the contribution of the combinatorial effect

is subtracted from A 12 and A AB .
When the equality in eq. (4) is assumed valid and the con-

centra tion dependence of A AB is neglected , then collecting the

terms on its right hand side leads to eq. (3).

In this work the cloud point measurements were performed

on four different pairs in which component 1 was always a styrene

homopo lymer , but component 2 was a random or block copolymer. In

Figs. 4 and 5, the pairs numbered 6, 7, 8, and 9 are those involving

a copolymer. The values of the coefficients A ’,, A~ and

evaluated by the non-linear least square method as for the homo-

po lymer mixtures , are listed also in Table II. A 12 va lues thus

0 ’
~

I ~~‘. — — —
L L 
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evalua ted are much smaller than the corresponding values for

the homopolymer mixtures. But when AAB is calculated by dividing

A12 wi th 
~B 2 ’  

the resulting value agrees very well with A obtained

from homopolymer mixtures. Even the temperature coefficient

when divided by 
~B2

2
’ leads to values agreeing very well with the

homopolymer mixture values. The usefulness of eq. (3) is thus

demonstrated.

The diblock copolyiner B25/75 has a segregated microdomain

structure at room tempera ture , which does not “mel t” out completely

until above 200°C , as examined by small-angle X- ray scattering35.

However , when mixed with a large excess of a styrene homopolymer,
it evidently dissolves into a homogeneous solution , and thus permi ts

the determination of the cloud points. As seen in Fig. 5, the

cloud point curve 17 for the pair PS2 and R25/75 (a random

copolymer) is somewhat different from the curve #9 for the

pair PSZ and B2S/75 (a diblock copolyiner of a similar composition).

Whether this difference in the cloud points reflects any real

difference in the thermodynamic behavior between a random and a

block copolymer is di f f icul t  to say at this t ime , because the

observed difference might have come from small differences in the

comonomer compositions or molecular weights.

The present results show that the (tAB values determined from

studies on mixtures containing random copolymers agree well with

those determined with homopolymer mixtures. This is gratifying ,

because it opens a very practical avenue fcr determining the

polymer-polymer interaction parameter for many polymer pairs for

fiji,. 
___________ 

—
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which the cloud points measurement would otherwise be impracticable.

The agreement obtained illustrates , also , that the non-bonded

segmental interaction responsible for A is little affected by the

types of neighboring segments jointed by covalent bonds . More

importantly perhaps , it shows that the Flory-Huggins expression

represents the combinatorial term for polymer mixtures to a

surprisingly good approximation.

COMPARISON WITH THE EQUATION-OF-STATE THEORY

In recent years a number of workers~
7’21 ’46 ’47 contributed to the

refinement of the theories of polymer liquids and mixtures over

the original Flory-Huggins treatment. All these theories recognize

the importance of the equation-of-state contribution to the free

energy of mixing , or the effect on mixing arising from the

difference in the free volumes of the pure components . We will

make use of the results of these theories , espec ially the one due

to Flory and his coworkers ,~
’9’2

~
’ to analyze the value of the

polymer-polymer interaction parameter obtained in this work .

Prigogine and his school have shown that the principle of

corresponding states can be made applicable to polymer liquids48 ’49

when the reduction in the external degrees of freedom 5° for  polymers

due to the increase in chain length is properly taken into account .

Thus, once the values of three characteristic constants , such as

p~ v~ and T*, are evaluated for a given polymer liquid , its

I ’.,’. —

L.~~~~~~~~~~~~~~~~~
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thermodynamic properties can be represented completely by means

of universal functions defined in terms of the reduced variables

p/p*, ~ = v/v a, and ~
‘ = T/T*. The same universal functions

can al so be used to descr ibe mixtures , provided there is a way

of predicting the characteristic constants of the mixture from

those of the pure component liquids . The mixing rules commonly

adop ed are of the f orm:

= •1Pj* 
+ *2P2* 

- Z 12 $1, *2 (5)

p*/T* = *1p1*/T1* 
+ 

2p2 1T2 (6)

The characteristic pressure p~ has the dimension of energy density

(e.g., cal/cm3) and Z12 is a parameter denoting the change in the

energy density on mixing. It varies with to some extent , as

will be discussed more fu lly below .

By dividing the free energy G per unit volume of a pure

liquid by its p~ , one obtains G , a dimensionless universal function

of the reduced var iab les ~ and ~~~, according to the principle of

corresponding states. The same is true for the mixture , provided

only the non-combinatorial part of the free energy is included in G.

For experimental results performed under atmospheric pressure ~

is practically equal to zero for the pure components and for the

mixture, and G is then regarded as a function of I only. One can

there fore wr ite :

A*1*2 p* G(~) - •1p 1*G(T 1) - *2p2*G(T 2) (7)

Following Patterson~
8, G(11) and G (f~) are expanded in a Taylor

ser’.es around T, and terms up to the second order are retained.

—

_
~~~~~~~~~~~~~~~~~ - -
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Then , with the use of eqs. (5) and (6), we obtain

A - z 12[ ~ ~(t) ; ;j. j
~.] - *1p 1* :, 2p z *

[(Ti T2 ) + 
* *1*2] (8)

T pi p2

Since Z12 <<p *~~p1*zp 2*, eq. (8) can be approximated to

A 
~12 

+ 

~~ ~
]. 

~~~~~

. ~~~~~~~~. ~~ (T
i - T

2)

Here the first term represents the change in the energy density due

to the foreign segments contact and the second term arises from the

change in free volume on mixing . This is a variant of a similar

expression originally derived by Patterson17’18 , but is now given

in a form symmetric with respect to components 1 and 2.

In the Flory equation-of-state theory19 21 , the free energy G

per unit volume is given , except for an additive term dependent on

a geometrical factor , by

G/p * = -3~~ in (~
1/3 

- 1) - 1/~
2 (10)

From this , the equation of state for ~ = 0 is obtained as

= (~l/3 - 1) 1  ~4/ 3 (11)

Eqs. (10) and (11) together constitute the reduced free ene~gy

function G(T). When this is substituted in (9), we obtain

A as

z I- —
A 12 3 ~ _ _ _ _  1 T1 - T 2~~

p .  

+ 

~ 1-4w ~~~ ~ 
) (12 )

1~
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In Flory ’s equa t ion -o f - s t a t e  theory , Z 12 is given as

Z — —-  
1 C X  - T Q  

~~ (13)12 
*1(s1/s 2 ) + *2 

12 12

Thus , 112 is interpreted as a free energy density rather than an

energy density . The term - TQ12 
‘
~~ in effect corrects for the

deficiency of the Flory -Huggins expression for the combinatorial

entropy of mixing . The contact entropy parameter Q12 is frequently

neglected partly because of its small magnitude but also often simply

for the lack of any clear basis for evaluating it. A composition

dependence of arises when the ratio is not unity , where

stands for the surface to volume ratio of a molecule of component

i. Eq. (13) also illustrates that by definition the contact energy

parameter X12 and the entropy parameter Q12 are not symmetric with

respect to the two components , that is , X12 � X21, and Q12 ~ Q 21.
This is un for tunate , because it detracts from their  possible u t i l i t y  as

fundamental molecular parameters dependent only on the chemical

structures of the component molecules.

In order to be able to compare eq. (12) with our experimental

values of A , we need the values of the characteristic parameters

for the two componen t polymers concerned. The parameters for poly-

styrene at 150°C, evaluated by Flory and coworkers51, are T* = 8299°K,

- 1.2105 , p~ — 114 cal/cm3 (extrapolated from lower temperatures)

and ~ — 5.81 X l0 ’
~ deg

’
~~. For polybutadiene ~ and T* can be

evaluated from the knowledge of its thermal expansion coefficient

~ by means of the relation
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- i = cLT/3 (1 + cIT) (14)

which is derived from the equat ion of s ta te  (11) . Taking the

value ct= 7 .5  X 10~~ deg~~ given in Polyme r Handbook 52 (or
= 6.85 X l0~~ given by Patterson and Robard

14), we obtain for

150°C T* = 7177°K (or 7542°K) and ~ = 1.261 (or 1.242). Evaluation

of p* requires the knowledge of either the isothermal compressibility

or the thermal pressure coefficient , neither of which is available

for polybutadiene . For the purpose of the present discussion ,

however , not much error is introduced by taking the approximation
TI * * _ *p 2 -. p

The relative magnitudes of the two terms on the right of eq. (12)

can now be estimated. At 150°C and = 0.50 , the characteristic

parameters for the mixture are given by T* = 7697°K (or 7902°K) and

= 1.235 (or 1.226) (the values in the parenthesis being those

based on a= 6.85 X 10~~). The second term of eq. (12) then becomes

0.220 cal/cm3 (or 0.092 cal/cm3), a fairly small fraction of the

obs erved A va lue , which according to Table II lies between 0.70 to

0.80 cal/cm3 (except the lowest mol. wt. pair PS2-PBD2). Thus ,

most of the observed A value for the polystyrene-polybutadiene

pair arises from the effect of foreign segment contacts , and very

little from the free volume disparity between the two component

polymers , which the second term represents. The difference in ~

between polystyrene and polybutadiene is about as large as any that

would be observed between a pair of commonly studied polymers.

It appears therefore that , except when A is very small , the effect

of the free volume change on mixing can be neglected , in the first

approx ima tion , in discussing the polymer-polyme r interaction

__________ — - - - - - ---—-—--—-—-- —- -- — 
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parameter. If so , the scheme of predicting the polymer-polymer

in teract ion parameter  from the so lubi l i ty  parameter d i f fe rence

~~ ~~~ ~ 2 -~ 
(15)

is jus t i f i ed .

In discussing the compatibility of polymer pairs exhibit-

ing a LCST behavior , the importance of the free volume disparity has

been stressed14 ’15 . If the compatibility indeed arises from

negligibly small magnitudes of both the contact and free volume

term in eq. (12), then even a slight increase in the second term

with increasing temperature would be su f f i c ien t  to induce

incompatibility . The several truly compatible polymer pairs so

far found , however , owe their compatibility mostly to the presence

of specific interactions which render A negative . The occurrence

of a LCST behavior for such systems probably arises , as pointe”i

out by Robert and Patterson~
3 more because of weakening of the

specific interaction at higher temperature and less from an

increased contribution of the free volume disparity .

We now discuss the temperature coefficient of A. The first

term in eq. (12) has a negative temperature dependence because

of the ~-2 factor while the second term has a positive dependence.

The experimen tal resul t, indicating a negative temperature

coeffic ient, is in accord with the conclusion above that the

second term is relatively insignificant. If l2 itself is

temperature independent , then

~LnA/~ T .� . 2~ Znv/~ T (16)

the equality holding when the second term is zero.

Since ~ is a function of the mixture composition ~ 
as wel l  as 

.~~~____ 1_- - _ _
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of T , its temperature coefficient appropriate for comparison with

the experimental values of A is somewhat ill-defined , but

can be taken as approximately equal to the average of

the therma l expans ion coeff icients for po lystyrene and polybutadiene ,

i.e., 6.7 X l0’
~ deg 1’. The values of -a LnA/3T calculated from the

entries in Table II lie mostly (with the exception of pairs 1, 2

and 6) between 2.0 X 10~~ and 3.0 X l0~~ deg
1. Although these

are somewhat larger than 1.3 X l0 ’
~ estimated for 2aLnq/~T, it

nevertheless suggests the essential correctness of the equation-

of-state theory in indicating that the temperature coefficient

of A is negative and is given largely by the dilation in volume

with temperature . It also explains the results that for pairs

1 and 2 consisting of polymer components of lower molecular weights

and hence of h igher thermal expansion coefficients than the rest ,

the temperature coefficient of A also turns out larger in absolute

magnitude .

The fact that the observed temperature dependence of A is

consis tent ly larger than expected from the thermal expansion alone may

suggest that the entropic term in Z12, as given in eq. (13),

cannot be totally neglected. The observed discrepancy can, in

fact , be accounted for if we assign a small positive value to

so as to have TQ12~ /X1f 1/3. Previously the Q12 term was

evaluated explicitly for only two systems . For binary mixtures of

no rma l alkanes 53 , the observed chemical potentials can be fitted

best when the ratio TQ12~’/X12 is given a va lue slightly less than

.4
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half , and for the solution of natural rubber in benzene20 
the

ratio is given a value approximately equal to -1. The absolute

magnitude of the ratio , 1/3, required in the present mixtures

is therefore comparable to those in the two previous cases

Why the sign of Q~,2 
among the three cases is not the same is

puzzling , but it might have to do with the fact that for

natural rubber in benzene the sizes of the components are very

different from each other, while in the other two systems the

components of the mixtures are of comparable sizes. The present

work at least shows that an accurate determination of the temper-

ature coefficient of A for polymer-polymer mixtures can be

helpful (because of the relatively small contribution of the

free volume term) to elucidate the nature of the Q12 parameter.
Finally we discuss the-concentration dependence of A . When

the contribution of the second term in eq. (12) is small and

neglec ted , A is given by a product of and ~~2 both of which

depend on •,~. The expression for Z12 in eq. (13) contains a

factor s1/s 2 denoting the disparity between the two components

in their surface to volume ratios. When Bondi ’s scheme54 for

estimating the van der Waal’s volume and surface area is used , the

ra tio s1/s 2 for polystyrene/polybutadiene turns out to be 1.15.

Remembering that ~ for PS is smaller than for PBD, we recognize

that, as q~ increases , the increase in (X12 - TQ 12~ )/~
2 is counter-

balanced by the increase in *l(5l/52)~ *, 
Therefore , unless the

value of s1/s 2 is considerably larger than unity , Z11/~
2 should

not depend strongly on c~1. Wi th the use of numerical values

X12 1.30 cal/cm3 , Q12 — 0 .00083  cal/ deg .cm ” , and T 130 0C we

~ 
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find z 12/V to change from 0.54 at *1 ~ to 0.52 at ~l 
— 1.

The experimental result summarized in Table II shows that the

coefficient A1 is small in all cases where evaluated, in

essential agreement with the above deduction. The occurrence

of both positive and negative values of A 1 probably arises

partly from the difficulty of representing the temperature and

concentration dependence of A by a single linear function as

given in eq. (2). The values of A 1 and A.1. evaluated to give

best fit by the non-linear least square method are mutually

correlated to some extent .

In the previous publication38 the value of A for polystyrene-

natural rubber was calculated by means of the equation-of-state

theory on the basis of literature data on polymer solution

studies. The concentration dependence of the predicted A

values giver~. there was much larger than found in this work for

po].ystyrene-polybutadiene. The 
~1’~ 2 

value , used for the

prediction, was l/l.9,obtained by multiplying the values

reported in the literature: 1/2.0 for PS/cyc].ohexane, 1/0.62 for

cyclohexane/polyisobu tylene , 0.58 for polyisobutylene/benzene

and 1/0.90 for benzene/natural rubber. Small errors in the

individual values quoted could have led to a sizable cumulative

error making the value 1/1.9 unreliable. The present work

suggests that the Bondi scheme is apparently a valid way of

estimating 
~1”~ 2 

va lues .
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LEGEND TO FIGURES

Figure 1. An example of chart recording obtained in the cloud

point measurement. The mixture containing 92 wt.% PS2 and 8%

PBD2 was cycled between 80° and 120°C at a constant heating!

cooling rate of 2°/mm . The thermocouple output is recorded to

indicate the temperature. The output voltage of the photode-

tector placed at a 900 scatter ing angle gives the intensity

of scattered light . The point, indicated by an arrow , at which

the scattered light intensity on heating reduces to the base-

line level, is taken as the cloud point.

Figure 2. An example of chart recording , similar to the one

shown in Fig. 1, but to illustrate a particularly difficult

case where the turbidity changes very slowly with temperature.

The mixture contains 3.4 wt.% PS2 and 96.6% PBD26.

Figure 3. The cloud points determined are plotted against the

volume fraction of component 1 (polystyrene) for the pairs

#1 (PS2-PBD2), #2 (PS3-PBD2) and #3 (PS5-PBD). The values of

A
~~ ~i 

and A T, determined by the nonlinear least square method

and tabula ted in Table II , are used to calculate the curves

shown by use of Eqs. (1) and (2).

Figure 4. The cloud points determined for the pairs #4 (PS2-

PBD2 6) ,  #5 (PS3—PBD26) and #8 (PS3-R25/75) are plotted against

I ’

I,
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and the curves represent the least square f i t .

Figure 5. The cloud points determined for the pairs #6 (PS5-

R50/50), #7 (PS2-R25/75) and #9 (PS2-B25/75) are plotted against

and the curves represent the least square fit.
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